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Abstract
Questions: Translocation of topsoil and its seed bank for ecological restoration
is increasingly popular. How representative is the soil seed bank of the extant
vegetation at the source site? What influence does the transfer process have on
germinant density, species and plant functional type composition? Does smoke
and heat treatment of transferred topsoil enhance germination and potential for
restoration success?
Location: Banksia woodland of the Swan Coastal Plain,Western Australia.
Methods: To assess the efficacy of topsoil transfer for return of native plant spe-
cies, we measured topsoil seed bank characterisitcs in situ proir to vegetation
clearing, and immediately after transfer of the topsoil to an adjacent, degraded
mediterranean-type woodland in southwest Australia. Glasshouse germination
of topsoil samples from 24 pre- and 24 post-transfer plots was used to quantify
the effects of transfer and soil depth on germinant density, species richness, plant
functional types and seed bank similarity to in situ vegetation. Application of ger-
mination cues (heat + smoke) was used to explore the impact of topsoil transfer
on seed germination and emergence.
Results: Topsoil transfer significantly reduced germinant densities (pre-transfer
1692–4239 germinantsm2, post-transfer 795–1016 germinantsm2; t = 6.7,
P < 0.001) and shifted community structure (MRPP: A = 0.13, P < 0.001),
including a reduction of woody species density by 81%. For the majority of
functional types, heat and smoke failed to stimulate additional germination
post-transfer, suggesting soil transfer simulated the effect of fire-related germi-
nation cues.
Conclusion: Although topsoil transfer translocated many viable native seeds,
potential restoration success was hindered by reduced germinant densities. This
was mostly attributable to a dilution effect associated with mixing of transferred
topsoil, so that many seeds were buried too deep to emerge. However, total
reductions were greater than expected based on dilution alone, suggesting some
seed mortality during the transfer process. Transfer shifted composition towards
dominance by annual species, suggesting the need for topsoil transfer to be sup-
plemented by other restoration techniques.
Introduction
As biodiversity conservation becomes ever more important
on a global scale, restoration is being used increasingly as a
tool to temper ecological impacts of development and
land-use change (Hobbs et al. 2011; McCarthy et al.
2012), and simply conserving remaining natural areas is
no longer sufficient to meet conservation goals (Grimm
et al. 2008; McCarthy et al. 2012). While complete resto-
ration of degraded ecosystems rarely is a realistic goal
(Hobbs 2007), evidence exists that some taxa, ecological
functions and ecosystem services may be returned (Bena-
yas et al. 2009). Therefore, increasing the knowledge and
capacity to restore larger proportions of taxa in degraded
sites is urgently needed, particularly in biodiversity hotspot
regions (Myers et al. 2000).
Ecological restoration is a relatively young science with
a rapidly expanding literature investigating restoration
capacity (e.g. Ruthrof et al. 2013) as well as debating
its efficacy and context for biodiversity conservation
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(Shackelford et al. 2013).While restoration objectives vary
widely, one of the most common is to return native vege-
tation to degraded sites. Methods for returning vegetation
most often involve two distinct approaches; the planting of
nursery-raised seedlings, and/or the direct seeding of
native species seed mixes. Both of these methods require
significant inputs of labour and technical knowledge (i.e.
seed collection and storage, germination, propagation,
greenhouse use, planting techniques, etc.). A third
method, topsoil transfer, the moving of topsoil containing
ungerminated but viable soil-stored seeds and other propa-
gules – potentially in high numbers – from newly cleared
natural areas to degraded restoration sites, offers the
potential to return more species to sites with shorter lag
times and lower labour and technical inputs (Koch 2007b).
Topsoil transfer has been utilized as a restoration technique
in many regions globally, including Spain (Tormo et al.
2007), Japan (Hosogi & Kameyama 2004), Norway (Skrin-
do & Pedersen 2004), Brazil (Parrotta & Knowles 2001),
France (Vecrin & Muller 2003), South Africa (van Rooyen
et al. 2004) and Australia (Koch 2007a).
The use of topsoil transfer as a restoration technique
has increased in recent years as a tool for post-mining
restoration (Parrotta & Knowles 2001; van Rooyen
et al. 2004; Koch 2007b), roadside restoration (Skrindo
& Pedersen 2004; Tormo et al. 2007), restoring
degraded farmland (Vecrin & Muller 2003) and increas-
ing biodiversity in urban areas (Hosogi & Kameyama
2004). While topsoil transfer may offer other benefits
(e.g. burying weed seed banks, providing beneficial soil
organisms, etc.) the principal motivation has been dri-
ven by seed banks (Koch 2007b). Topsoil transfer is
particularly appealing in regions characterized by high
rates of seed dormancy and high plant diversity (e.g.
Mediterranean and other fire-prone regions) where
technical knowledge (seed characteristics, propagation
methods) may extend to only a small portion of the
plant community. Under such circumstances, topsoil
transfer has the potential to return many otherwise
poorly represented species to restoration sites in an eco-
nomical manner.
The principle of moving intact propagule banks relies
largely on seed dormancy, where plants produce seeds
which lie dormant for several to many years, breaking
dormancy and germinating following provision of an
appropriate stimulus (Baskin & Baskin 1998). Seed banks
and the cues associated with dormancy breaking have
been studied for a variety of ecosystems (e.g. the well-doc-
umented roles of heat and smoke in breaking dormancy;
(Bell et al. 1993; Bell 1999). The negative impacts on
germinant emergence of long-term storage of harvested
topsoil are well known (e.g. see Koch et al. 1996; Ward
et al. 1996; Rokich et al. 2000; Koch 2007a), but other
consequences of the topsoil transfer process (including
stripping, transporting and re-spreading of topsoil) have
not been examined. Stripping and transport of topsoil may
act to scarify seeds and break dormancy in some species.
Alternatively, additional treatment (e.g. smoke or heat)
may be necessary to maximize germination rates and res-
toration outcomes. Further, the mixing (homogenization)
of stripped soil during the transfer process may reduce
near-surface seed density and germinant emergence, with
this effect directly related to depth of the soil layer trans-
ferred. The effects of this process on seed viability and ger-
mination may vary also across plant functional types (e.g.
perennial vs annual, woody vs non-woody, small- vs
large-seeded).
This research investigates topsoil transfer as a method
for restoration of fire-prone Banksia woodlands on the
Swan Coastal Plain (SCP) in mediterranean climate type of
southwest Australia.Most native plant species of the Bank-
sia woodlands are adapted to recurrent fire; adaptations
including fire-stimulated (heat and smoke) germination of
soil-stored seeds, serotiny and vegetative resprouting (En-
right et al. 2007). The region is a biodiversity hotspot, hav-
ing high species richness and endemism (at least 5469
plant taxa with ~80% endemic to the region; Myers et al.
2000) with substantial threats to biodiversity, including
the clearance of 89% of original extant vegetation (Myers
et al. 2000). Within this hotspot, the Perth metropolitan
area is rapidly expanding, resulting in fragmentation and
degradation of the remaining natural landscape (Ramalho
et al. 2014). Clearing of native vegetation for urban devel-
opment in Australia is increasingly linked to the restora-
tion of nearby ‘offset’ sites, securing and restoring such
degraded areas for addition to the conservation estate (Ma-
ron et al. 2012).
Here we investigate the impacts of the topsoil transfer
process on soil seed bank properties and the potential for
restoration by evaluating the following questions:
 How representative is the soil seed bank of the extant
vegetation at the source site (i.e. what proportion of the
native community is potentially transferred in the soil
seed bank)?
 What impact does the transfer process have on soil
seed bank density, plant species and plant functional type
composition?
 Does smoke and heat treatment of transferred topsoil
enhance germination and potential for restoration suc-
cess?
Investigating procedures and practices of restoration
using topsoil transfer will contribute to ensuring that resto-
ration effort and resources are not wasted, and that the




This study was undertaken on the Swan Coastal Plain
(SCP) ca. 20 km south of Perth, Western Australia. One
natural bushland site (Jandakot Airport) provided the top-
soil source for two degraded recipient sites (Anketell Rd,
Forrestdale Lake; Fig. 1). Both recipient sites were located
within nature reserves that have had an extensive history
of disturbance following European settlement. Original
clearance for agriculture was followed by abandonment
and dominance of weeds (Department of Environment &
Conservation 2005; Conservation Commission of Western
Australia et al. 2010).
The climate of the region is mediterranean, with hot dry
summers and mild wet winters (Bureau of Meteorology,
Climate data online). Soils of the SCP are Aeolian deposits
of varying age, becoming increasingly old and acidic with
increasing distance from the coast (Powell 2009). Soils at
the study sites are classified as Bassendean sands (pH~6);
the oldest soils on the SCP. They date to the middle Pleisto-
cene, around 800 000 yr ago, are leached and infertile
(McArthur 1991). Extant vegetation at Jandakot Airport
was remnant Banksia woodland, dominated by a tree layer
of Banksia attenuata, B. menziesii, B. ilicifolia (Proteaceae),
Eucalyptus marginata, E. todtiana (Myrtaceae) and Nuytsia
floribunda (Loranthaceae), with a dense understorey of
shrubs (predominantly Proteaceae, Myrtaceae, Ericaceae
and Fabaceae), herbs, sedges (Cyperaceae) and rushes
(Restionaceae) (Department of Parks and Wildlife, Nature-
Map V 1.5.1.12; DPaW 2007–).
Field sampling
Fieldwork was conducted in two phases: the sampling of
soils and extant native vegetation before transfer, followed
by sampling of soils at recipient sites immediately after
transfer. Sampling before transfer occurred between 24–29
February 2012 and post-transfer at Anketell Rd and For-
restdale Lake on 23 May 2012; soil sampling was done 1
and 3 wk after topsoil spreading at Forrestdale Lake and
Anketell Rd, respectively.
Sampling of vegetation and soils before vegetation clear-
ance at Jandakot Airport occurred along four transects
sited at random across the area designated for clearing.
Transects, each 450 m in length, were sampled using six
10 9 10 m plots at regular intervals, for a total of 24 plots
(Fig. 1). Vegetation datawere collected as cover per species
using the Braun-Blanquet (1932) cover-abundance
method. Soils were sampled within each plot (N = 24 pre-
transfer, N = 24 post-transfer), by bulking five systemati-
cally placed sub-samples per plot collected from the centre
and along sub-cardinal transects 2 m from plot centres at
each of two depths: 0–5 and 5–10 cm (to examine effects
of seed abundance by depth). A PVC tube 15.5 cm in
diameter and 10 cm in length was used for sampling. The
sampling method provided a means for calculating seed
density, by using the volume of this tube to calculate the
density of germinants, similar tomethods employed in pre-
vious studies of soil seed banks (Fisher et al. 2009). The
same procedure was used to sample the transferred topsoil,
with plots randomly located across areas receiving ≥10 cm





Fig. 1. Sites investigated in this study and their locations near Perth, Western Australia. (A) Jandakot Airport (Pre-transfer), (B) Forrestdale Lake, and (C)
Anketell Road (Post-transfer).
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Vegetation clearance and topsoil transfer was under-
taken by a commercial company under contract to the
Western Australian Department of Parks and Wildlife
(DPaW). Soil was harvested in March–April 2012 to a tar-
get depth of 7 cm (range: 5–10 cm) using a converted
front-end loader, and then transferred to the recipient
sites. The potentially weed-dominated pre-existing seed
bank at the recipient sites (assumed based on strong domi-
nance of the extant vegetation by weeds) was removed to
a depth of 3 cm (range: 2–5 cm). Transferred topsoil was
spread to a depth of 10 cm (range: 8–12 cm).
Glasshouse germination
Following collection, soil samples were stored in paper
bags at room temperature (4 mo for donor site, 1 wk for
transfer site) after which assessment of the soil seed bank
was conducted through bulk germination in a glasshouse.
Bulk germination was chosen due to its practicality over
sieve removal of seeds from soil (which can miss small
seeds), and that it excludes seeds that are not viable (Gross
1990; Baskin & Baskin 1998). Soil samples of a known
weight (~2100 gtray1) were prepared and placed in the
glasshouse. Germination was followed for a 13-wk period
(Jun–Oct 2012), with a subset of seedlings grown on for up
to an additional 6 mo to confirm species identities. Germi-
nation trays (35.5 9 29.5 9 5 cm) were filled with
1500 ml vermiculite mixed with 500 ml clean white sand,
and the topsoil placed on top to ~2-cm deep. To identify
any seed contamination of trays in the glasshouse, five
trays were prepared in the same manner, but contained
sterile sand instead of topsoil. No germination was
observed in control trays during the experiment. Each soil
sample was split; one half treated with heat and smoke
(treatments known to enhance germination) and the other
acting as a control (no treatment). For the heat + smoke
treatment, boiling water (~800 ml; enough to immerse the
soil sample) was used as heat and a commercial smoke
solution (REGEN 2000 SMOKEMASTER) for smoke treat-
ment. The smoke solution was diluted 10 to 1 with water
as recommended by the suppliers, with application of
400 ml applied by watering can to each treated tray. Over-
all, there were N = 192 trays from 48 plots (24 pre- and 24
post-transfer) 9 2 depths (0–5 and 5–10 cm) 9 2 treat-
ments (control, heat + smoke).
Germinant emergence and mortality was monitored
weekly. Due to the very high density of emerging
seedlings, advanced individuals were thinned to prevent
competition for space in trays. The glasshouse was air-con-
ditioned to simulate winter field germination conditions,
with temperatures not exceeding 24 °C (range: 7–24 °C).
Watering was maintained by automatic reticulation using
misters set to run for 10 min every second day. Tray
positions were randomized every 4 wk to mitigate any
environmental variability within the glasshouse.
Data analysis
To quantify the effects of topsoil transfer on germinant
densities, distribution in the soil profile and effectiveness
of additional germination stimuli (heat + smoke), we anal-
ysed bulk germination data (germinantsm2) by plant
functional types (PFT). PFT groups followed those used in
Perry et al. (2013), with each species allocated into the fol-
lowing categories:
 Origin (native or exotic)
 Life history (perennial, annual)
 Regeneration (resprouter, non-resprouter)
 Life form (woody, non-woody)
For each PFT, our data structure comprised 192 observa-
tions from N = 48 plots (24 pre-transfer and 24 post-trans-
fer), two soil depths, and a heat + smoke and control
germination treatment. Each plot was nested within one of
four transects (pre-transfer) or five topsoil transfer patches
(Fig. 1). We applied a hierarchical mixed-effect model
with random effects of location (N = 4 pre and N = 5 post)
and plot (N = 48) and fixed effects of topsoil transfer, soil
depth and germination treatment. The same model struc-
ture was applied to each PFT. Box plots and histograms of
model residuals were assessed to ensure homogeneity of
variance, with no issues detected. Analyses were imple-
mented in R 2.14 and used the lme4 library (R Foundation
for Statistical Computing, Vienna, AT).
To examine shifts in community composition in relation
to transfer, depth and heat + smoke treatments, summary
statistics and multivariate community analyses were used.
Sørensen’s similarity was used to compare the soil seed
bank and extant vegetation (Sørensen 1948), with mean
pair-wise Sørensen similarity (and 95% confidence inter-
vals) calculated both for the entire community and key
PFTs. Non-metric multidimensional scaling (NMDS) based
on Sørensen distance, and multi-response permutation
procedure (MRPP) explored composition differences
between samples and treatments based on within-group
similarities using PC-ORD v 6.08 (McCune & Mefford
2011). Rare species were removed from the data set, and
one outlier tray was removed from the analysis. NMDS
was conducted over 250 runs with a random starting con-
figuration. Indicator species analysis (Dufrêne & Legendre
1997) was used to assess species association to treatments.
Species with high indicator values suggest both high fre-
quency and abundance within the associated group. Only
indicator values ≥20 were considered as evidence of an
association with a particular treatment. We also report
observed species richness pre- and post-transfer by each of
the key plant functional groups to help portray dynamics,
but these data were not formally analysed.
Results
Extant vegetation vs soil seed bank
Sørensen similarity of the soil seed bank and pre-clearance
vegetation at Jandakot Airport was 0.21  0.02 (SE).
When species were limited to perennials with soil-stored
seed, similarity increased to 0.26  0.02. Mean species
richness of extant vegetation per 100 m2 plot was
32.5  0.9 and 25.2  0.7 when restricted to perennials
with soil-stored seed, while that of the seed bank was
31.8  1.1 and 16.2  0.7, pre- and post-transfer respec-
tively.
Effect of transfer on germinant density and species
richness
Overall, 11 551 germinants of 127 species emerged over
the 13-wk glasshouse experiment (App. S1), with emer-
gence rate slowing after week 8. When pooled across soil
depth and treatment, observed species richness pre- to
post- transfer was similar for annuals (both exotic and
native) and woody perennials, but not when non-woody
perennials were included (60 vs 38; Fig. 2). Topsoil trans-
fer significantly reduced density of germinants overall, and
for all PFTs (Tables 2, 3, Fig. 3). Germinant density ranged
between 1692–4239 m2 in pre-transfer soil vs 795–
1016 m2 in post-transfer soil, with 91% native species. In
total, 79% of all germination occurred in the pre-transfer
soils (0–5 cm: 58%, 5–10 cm: 21%), while post-transfer
soil contributed 21% (0–5 cm: 11%, 5–10 cm: 10%).
There was a significant depth effect with higher densities
at 0–5 cm than at 5–10 cm (t = 10.9, P < 0.001; Table
3). However, the effect of depth on germinant density dis-
appeared after transfer, as indicated by a significant inter-
action of depth and site (t = 7.1, P < 0.001). Post-transfer
sites had significantly lower germinant densities than the
pre-transfer sites (t = 6.7, P < 0.001; Table 3). No canopy
seed storage (serotinous) species emerged from the soil
seed bank.
Soil seed bank community composition
The NMDS of species density for all 192 trays using Søren-
son distance yielded a three-dimensional solution with
final stress of 0.16 (Fig. 4). Cumulatively, the ordination
explained 77.5% of variation in the data (R2 of axes: 0.39
for axis 1, 0.25 for axis 2 and 0.14 for axis 3). MRPP analy-
sis revealed significant differences in community composi-
tion between soil depths and pre–post transfer (A = 0.13,
P < 0.001).
A number of species were associated with particular
groups (indicator species analysis), particularly heat and
smoke treatment in pre-transfer soils, including Stylidium
(IV = 70.5, P < 0.0001) and a number of other native
herbs and the woody shrubs Gompholobium tomentosum
(Fabaceae) (IV = 40.5, P < 0.001) and Stirlingia latifolia
(Proteaceae) (IV = 28.9, P < 0.001). Two native species
had significant associations with pre-transfer control sam-
ples: Austrostipa compressa (IV = 39.6, P < 0.001) and Leuco-
pogon conostephioides (IV = 40.8, P < 0.001; Table 1), but
post-transfer soils had few species uniquely associated with
them (Table 1).
Heat + smoke effects on germination
Treatment with heat + smoke had a significant effect
(t = 5.8, P < 0.001), increasing germination in pre-transfer
samples by 1344  233 germinantsm2 (Table 3). This





















Fig. 2. Observed species richness (pre- to post-transfer), comparing
perennial native, woody native, annual native and annual exotic species,
from glasshouse germination of topsoil samples after a topsoil transfer in
Perth, Western Australia.
Fig. 3. Patterns of germinant density (m2), comparing sites, depths and
treatments over all germinants observed in a glasshouse experiment
examining germination from topsoil after a topsoil transfer in Perth,
Western Australia.
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significant interaction (t = 4.6, P < 0.001) of transfer and
heat + smoke treatment. Species richness showed a similar
response (species richness increased from 7.5 to 13.2 in
control and heat + smoke treatments, respectively).
Plant functional types
Native vs Exotic Species: 9% of germinants were exotic, the
most common being the annual herbs Hypochaeris glabra
and Ursinia anthemoides and three annual grasses (App.
S1). As with native species, exotics were concentrated in
the top 5 cm of the soil profile pre-transfer and were
evenly distributed across depths to 10 cm after transfer
(Table 3). Natives accounted for 90% of all annual species,
averaging 1285 germinantsm2 compared with 150 exot-
icsm2 (224 m2 pre-transfer, 76 m2 post-transfer;
Table 2). Heat + smoke significantly increased pre-transfer
native annual densities to 3430 germinantsm2 (t = 5.8,
P < 0.001; Tables 2 and 3). In contrast to native annuals,
exotic species responded negatively to heat + smoke treat-
ment (t = 2.9, P < 0.01) while displaying similar
responses to transfer and depth (Tables 2 and 3).
Annual vs perennial species
Native perennial species also had significant differences
among transfer groups (t = 5.1, P < 0.001; pre-transfer:
614 germinantsm2, post-transfer 152 germinantsm2),
depth (t = 5.2, P < 0.001) and heat + smoke (t = 5.2,
P < 0.001; Tables 2 and 3, App. S2). The depth gradient in
pre-transfer soils disappeared after transfer (interaction of
transfer and depth: t = 3.0, P < 0.01; Tables 2 and 3,
App. S2).
Resprouting vs non-resprouting
Resprouters comprised 61% of perennial native species
(pre-transfer: 448 germinantsm2, post-transfer 139 ger-
minantsm2) and non-resprouters 39% (pre-transfer:
205 germinantsm2, post-transfer 41 germinantsm2;
Table 2, App. S2). Both resprouters and non-resprouters
show significant influence of depth (resprouter: t = 4.9,
P < 0.001; non-resprouter: t = 2.7, P < 0.01) and trans-
fer (resprouter: t = 3.4, P < 0.001; non-resprouter:
t = 5.8, P < 0.001). However, only resprouters displayed
a significant response to heat + smoke (t = 6, P < 0.001);
in addition, loss of depth gradient post-transfer was evident
(interaction of transfer and depth: t = 2.9, P < 0.01;
Table 3); whereas non-resprouters had no response to
heat + smoke and continued depth gradient post-transfer
(Tables 2 and 3, App. S2).
Woody vs non-woody
Woody species represented ~30% of all perennials (pre-
transfer 210 germinantsm2, post-transfer 37 germi-
nantsm2). Both PFTs displayed similar responses to all
treatments (Table 2); however, woody species had a
continued depth gradient and heat + smoke response
post-transfer, as shown by lack of significant trans-
fer 9 depth or transfer 9 heat + smoke effect estimates
(Table 3).
Discussion
High density of soil-stored seed is one of the primary fac-
tors that define a site as suitable for topsoil harvesting for
restoration. Soil seed bank densities found in the pre-trans-
fer site in this study were high (1215–5101 seedm2),
compared to other studies reported for mediterranean
environments: South Africa (1100–1900 seedsm2;
Holmes & Cowling 1997) Spain (1050–1802 seedsm2;
Valbuena & Trabaud 2001) and southwest Australia (Jar-
rah forest) (377–1579 seedsm2; Vlahos & Bell 1986).
However, high pre-transfer densities do not necessarily
result in high restoration potential after topsoil transfer.
Our study found that topsoil transfer eliminated the depth
gradient in seed density, significantly reducing germinant
density and species richness near the soil surface (75%






















Fig. 4. NMDS ordination of soil seed bank germination (stress = 16%)
from topsoil samples taken throughout the process of a real-world topsoil
transfer in Perth, Western Australia. Arrangement in space shows
separation of pre-transfer and post-transfer samples along the x-axis and
soil depth on the y-axis (0–5, 5–10 cm).
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heat + smoke in stimulating germination was largely elim-
inated by the transfer process.
Homogenization of the seed bank
Undisturbed pre-transfer soils had a strong depth gradient,
with 72% of germinants emerging from the top 5 cm, con-
sistent with the findings of many previous studies (Bellairs
& Bell 1993; Koch et al. 1996; Rokich et al. 2000). The lack
of such a gradient following transfer must reflect the mix-
ing and homogenization of the topsoil during transfer. The
decline in germinant density was greater than expected
based on a simple average of pre-transfer germinant densi-
ties (Fig. 3; 68% reduction in top 5 cm post-transfer vs
expected 32% reduction, assuming 10 cm soil stripping)
and was consistent across all PFTs, suggesting an additional
loss of seeds during transfer. Therefore not all of the reduc-
tion in germinant density can be attributed to homogeni-
zation, additional losses could be due to reduction of seed
viability during the harshness of the transfer process, or
exacerbation of dilution from inaccuracies in the clearing
or soil stripping processes (Fowler 2012). This result has
important implications for restoration outcomes, given
potential losses of germinants (seeds rarely emerge when
buried >5 cm) and the costs associated with transferring
large soil volumes. One of the few studies to previously
document the homogenization effect was in a post-mining
context where Koch et al. (1996) found evidence of dilu-
tion after topsoil transfer in Jarrah forest of southwest Aus-
tralia, with only 15% of seed in the top 5 cm (stripped to a
depth of 20 cm) compared with this study where soil was
stripped to 7 cm and 56% of seed was in the top 5 cm after
transfer.
Scoles-Sciulla & DeFalco (2009) found the majority of
soil seed dilution was caused during mixing of soil layers
during soil collection, and that is likely here also, but does
not explain the overall drop in germinable seed density
after transfer. Changes to topsoil transfer procedures could
generate benefits in terms of restoration potential post-
transfer by better preserving the shallow soil seed bank
(Scoles-Sciulla & DeFalco 2009), e.g. by concentrating on a
shallower portion of soil for stripping, or double stripping
(stripping two layers and returning them in order; Tacey &
Glossop 1980; Scoles-Sciulla & DeFalco 2009).
Table 1. Indicator species analysis (using PC-ORD v 6.08) of species with indicator values ≥20 from bulk soil seed bank germination treatments conducted
in relation to topsoil transfer in Perth, Western Australia.
Species Plant Functional Type Indicator Species Analysis
Regeneration Life Form Life History Origin Indicator Value P
Pre-Transfer (Heat + Smoke)
Stylidium sp. Non-resprouter Non-woody – Native 70.5 0.0002
Stylidium brunonianum Resprouter Non-woody Perennial Native 64.4 0.0002
Lechenaultia floribunda Resprouter Non-woody Perennial Native 55.8 0.0002
Isolepis marginata Non-resprouter Non-woody Annual Native 54.4 0.0002
Centrolepis glabra Non-resprouter Non-woody Annual Native 52.6 0.0002
Poranthera microphylla Non-resprouter Non-woody Annual Native 50.1 0.0002
Gompholobium tomentosum Non-resprouter Woody Perennial Native 40.5 0.0002
Conostylis aculeata Resprouter Non-woody Perennial Native 35.2 0.0002
Laxmannia sessiliflora Resprouter Non-woody Perennial Native 35.1 0.0008
Wahlenbergia preissii Non-resprouter Non-woody Annual Native 32.1 0.0024
Stirlingia latifolia Resprouter Woody Perennial Native 28.9 0.0002
Stylidium emarginatum Resprouter Non-woody Perennial Native 25.6 0.0148
Centrolepis alepyroides Non-resprouter Non-woody Annual Native 23.2 0.0296
Pre-Transfer (Control)
Trachymene pilosa Non-resprouter Non-woody Annual Native 42.4 0.0002
Leucopogon conostephioides Non-resprouter Woody Perennial Native 40.8 0.0002
Austrostipa compressa Non-resprouter Non-woody Annual Native 39.6 0.0002
Gladiolus caryophyllaceus Resprouter Non-woody Perennial Exotic 29.2 0.0002
Briza maxima Non-resprouter Non-woody Annual Exotic 26.1 0.0004
Ursinia anthemoides Non-resprouter Non-woody Annual Exotic 21 0.0016
Conyza bonariensis Non-resprouter Non-woody Annual Exotic 20 0.0002
Post-Transfer (Heat + Smoke)
No indicator values >20
Post-Transfer (Control)
Crassula colorata Non-resprouter Non-Woody Annual Native 35.1 0.0018

























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Reduced effectiveness of heat + smoke treatment after
transfer
The germinant community in post-transfer soils showed
no response to heat + smoke and was dominated by
annual and resprouting species. Indeed, smoke application
had a negative impact relative to controls. Disturbance
from the transfer process itself has been shown to induce
increased germination rates through such processes as
scarification and uplift of deeper buried (likely older) seeds
(Scoles-Sciulla & DeFalco 2009). The overall pattern of no
heat + smoke effect following transfer suggests that trans-
fer alone acts as a germination stimulant, perhaps making
some treatments redundant in the post-transfer environ-
ment (Rokich et al. 2002). While the overall effect of
heat + smoke was not evident in post-transfer soils, it was
retained to some extent for perennial woody species. This
finding is consistent with several studies suggesting that
smoke water + heat treatment in transferred soil may not
provide enough benefit to warrant the logistical challenges
and costs associated with application at this scale (Roche
et al. 1997; Rokich et al. 2002; Daws et al. 2014).
Low similarity of soil seed bank to extant vegetation
The ability to restore a representative community to an
analogue natural state is a key principle of successful resto-
ration (Rokich et al. 2000; Ruiz-Jaen & Mitchell Aide
2005). The similarity of the soil seed bank to the original
extant woodland vegetation was 21%, compared with an
average of 31% for forest ecosystems generally (34 studies
over ten countries; Hopfensperger 2007). Within the same
biogeographic region, work from fire-prone woodlands
sharing many of the same genera reported 26–43% simi-
larity (Enright et al. 2007). Across this region, serotiny
(storage of seeds in woody fruits within the canopy) is
widespread, and serotinous species do not contribute to
the soil seed bank. Further, resprouting species, a relatively
high proportion of the community here, are well known to
produce fewer seeds than congener non-sprouting species,
some of these (e.g. Restionaceae) reproducing almost
solely by vegetative means (Bond & Midgley 2001). Given
these factors and subsequent low similarity, topsoil alone
cannot restore the full composition and frequency of spe-
cies.
Nevertheless, transferred soil seed banks do facilitate
restoration of some species that are otherwise difficult to
germinate or propagate (‘recalcitrant’ sensu Koch 2007b).
Recalcitrant plant species can be difficult due to a variety
of reasons, such as having poor seed viability, not produc-
ing much seed or hard to germinate successfully, which
can make them expensive to include in restoration activi-
ties. Common and widespread genera such as Stylidium,
Drosera, Hibbertia and Stirlingia, which germinated from
the topsoil in this study, are often not part of restoration
projects due to the difficulty in growing them in commer-
cial nurseries (App. S1, Koch 2007b). Following mining in
nearby forests, Alcoa have invested heavily over 20+ yr
into growing ‘recalcitrant’ plant species with tissue culture
(Koch 2007b). Topsoil transfer offers potential to restore
some of these species at relatively low cost.
Woody species comprised a small proportion of the post-
transfer seed bank in the Banksia woodlands studied here
(4.9% range: 2.6–7.5%), and were more abundant in pre-
transfer topsoil (9.3% range: 6.2–16.4%). In the trans-
ferred topsoil (realized community), germinants from the
soil seed bank had a woody natives density of 37 seed-
lingsm2 (control 0–5 cm), a good initial density given
extant woody species density of 0.7 seedlingsm2. A study
by Benigno et al. (2013) found around 90%mortality over
the first 2 yr of establishment in some Banksia species.
Considering this as a worst-case scenario, and applied to
post-transfer densities in this study, results in an estimated
4 seedlingsm2. Realizing the potential (pre-transfer con-
dition) of the soil seed bank needs to be a priority to ensure
the best possible restoration result for the effort applied.
Reducedweed potential
Topsoil transfer shows the potential to reduce weed cover
by providing a blanket of relatively weed-free soil over
what is likely an otherwise weedy soil seed bank in most
degraded sites. Increased topsoil transfer depth helps sup-
press weed species germination (from underlying soil),
given that many seeds are unable to emerge from deeper
than a few centimetres (Bond et al. 1999). The potential to
provide a relatively weed-free environment after transfer
reduces competition, while also reducing the need for
weed control often necessary to improve native species
persistence in highly degraded areas (Benayas et al. 2002).
However, it should be noted that the deeper the applica-
tion of topsoil the less value is gained from the soil seed
bank due to the mixing process. The homogenization of
seed density by depth resulting from the transfer process
means that much of the soil seed bank will be wasted, as
deeper seeds will be unable to emerge.
Study limitations
This study was conducted under glasshouse conditions,
and shows the potential that the seed bank can offer for
restoration, with germination of soil-stored seeds maxi-
mized under provision of controlled temperature and
moisture conditions. This approachwas chosen rather than
in situ study of restoration sites since, while also essential,
they are prone to potential major variations resulting from
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weather and other conditions unique to the period of
study, and make comparison with other studies difficult.
The information presented here has broad relevance to
fire-prone, mediterranean-type climate regions and related
soil seed bank dominant ecosystems, including how these
seed banks can be used most effectively to aid restoration
processes.
Restoration potential
In this study the observed pre-transfer community is con-
sidered the maximum potential of the soil seed bank for
restoration, and the observed post-transfer community,
the realized potential. Given the results detailed in this
paper, the realized potential of the soil seed bank after
transfer is not enough to fully restore a functional and
structurally representative Banksia woodland ecosystem.
Although overall species density and species richness was
sufficient to achieve many restoration objectives, further
potential exists, which if unlocked could improve restora-
tion outcomes with reduced requirements for supplemen-
tary interventions.
Success is dependent on the aims and objectives of the
restoration in question. If structure and function are a pri-
ority, then topsoil transfer is a costly way to achieve this
alone (topsoil: ~$15 000 ha1, planting: ~$10 000 ha1,
direct seeding: ~$3000 ha1; M. Brundrett pers. com.; K.
Motteram pers. com.). However, topsoil transfer has the
potential to return many native species not generally able
to be restored through other methods, with the additional
benefit of suppressing weeds at the sites to be restored, and
providing beneficial soil organisms lost from degraded
soils.
Key findings
We found that transferred topsoil had fewer germinants
overall than did in situ topsoils (pre-transfer) and that spe-
cies composition became (relatively) more dominated by
annuals. The reduction in density could only partially be
explained by homogenization and dilution, suggesting
either seed death during transfer and/or underestimation
of the depth of soil stripped for transfer. Topsoil transfer
stimulated germination, with dormancy being broken for
some species, probably by scarification, removing the need
for a post-transfer heat + smoke treatment. Topsoil trans-
fer resulted in a much-reduced density of perennial spe-
cies. The resulting community of germinants was quite
different from that of source soils or source vegetation, but
is likely to contribute many (including some recalcitrant)
native species and aid regeneration of severely degraded
sites by suppressing the underlying weed seed bank. The
cost–benefit of topsoil transfer remains to be studied in
detail against other methods and restoration objectives.
Further work is also required to understand why the size
of the viable soil-stored seed bank declines after transfer.
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Supporting Information
Additional Supporting Information may be found in the
online version of this article:
Appendix S1. Abundance of all identified species, germi-
nated from topsoil samples from a topsoil transfer in Perth,
Western Australia, by site, depth and treatment.
Appendix S2. Panel of functional type group density
(m2) of germinants observed from topsoil samples taken
from topsoil transfer in Perth, Western Australia, compar-
ing sites, depths and treatments. (A) resprouter/non-respr-
outer, (B) perennial/annual, and (C) woody.
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